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ABSTRACT
Both the broad iron (Fe) line and the frequency of the kilohertz quasi-periodic
oscillations (kHz QPOs) in neutron star low-mass X-ray binaries (LMXBs) can po-
tentially provide independent measures of the inner radius of the accretion disc. We
use XMM-Newton and simultaneous Rossi X-ray Timing Explorer observations of the
LMXB 4U 1636–53 to test this hypothesis. We study the properties of the Fe-Kα
emission line as a function of the spectral state of the source and the frequency of the
kHz QPOs. We find that the inner radius of the accretion disc deduced from the fre-
quency of the upper kHz QPO varies as a function of the position of the source in the
colour-colour diagram, in accordance with previous work and with the standard sce-
nario of accretion disc geometry. On the contrary, the inner disc radius deduced from
the profile of the iron line is not correlated with the spectral state of the source. The
values of the inner radius inferred from kHz QPOs and iron lines, in four observations,
do not lead to a consistent value of the neutron star mass, regardless of the model
used to fit the iron line. Our results suggest that either the kHz QPO or the standard
relativistic Fe line interpretation does not apply for this system. Furthermore, the
simultaneous detection of kHz QPOs and broad iron lines is difficult to reconcile with
models in which the broadening of the iron line is due to the reprocessing of photons
in an outflowing wind.
Key words: Keywords: X-rays: binaries; stars:neutron; accretion, accretion disc; Iron
lines; kHz QPOs; 4U 1636-53.
1 INTRODUCTION
The energy and power density spectra of low-mass X-ray
binaries (LMXBs) change with time in a correlated way,
generally following changes of the source luminosity, sup-
porting the scenario in which these changes are a function
of mass accretion rate in the system (e.g., Wijnands et al.
1997; Me´ndez et al. 1999; Gierlin´ski & Done 2002). Evolu-
tion of the broad-band energy spectrum in low-luminosity
systems is thought to reflect changes in the configuration of
the accretion-disc flow (see review by Done et al. 2007, and
⋆ E-mail: andrea.sanna@dsf.unica.it
references therein). Gierlin´ski & Done (2002) find a strong
correlation in the LMXB 4U 1608–52 between the position
of the source in the colour-colour diagram and the trunca-
tion radius of the inner accretion disc, which is likely driven
by the average mass accretion rate through the disc. At low
luminosity, the spectrum is consistent with emission from
an accretion disc truncated far from the neutron star; as
the luminosity increases the spectrum softens and the inner
radius of the accretion disc moves inwards.
In a very similar way, changes of the power density spectra
appear to be driven by mass accretion rate. At low lumi-
nosity, when the energy spectrum of the source is hard, all
timing components in the power spectrum have relatively
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low characteristic frequencies. These frequencies increase as
the energy spectrum softens and the inferred mass accretion
rate through the disc increases (see e.g., van der Klis 1997;
Me´ndez & van der Klis 1997; Me´ndez et al. 1999, 2001;
Homan et al. 2002; van Straaten et al. 2002, 2003, 2005;
Altamirano et al. 2005, 2008a,b; Linares et al. 2005, 2007).
The fact that fits to the energy spectra suggest that the ac-
cretion disc moves closer to the NS, and that the character-
istic frequencies in the power density spectra increase as the
luminosity increases, supports the idea that those frequen-
cies are set by the dynamical frequencies in the accretion
disc. The kilohertz quasi-periodic oscillations (kHz QPOs)
are especially interesting because of the close correspondence
between their frequencies and the Keplerian frequency at
the inner edge of the accretion disc (e.g., Miller et al. 1998;
Stella & Vietri 1998). On short time-scales (within a day or
less), the frequency of the kHz QPOs increases monotoni-
cally as the source brightens, and the inferred mass accretion
rate increases. However, on longer time-scales this correla-
tion breaks down and the intensity-frequency diagram shows
the so-called “parallel tracks” (Me´ndez et al. 1999).
Broad asymmetric iron (Fe) lines have been often ob-
served in accreting systems with the compact object span-
ning a large range of masses, from supermassive black holes
in AGNs (see Fabian et al. 2000, for an extensive review) to
stellar-mass black holes (e.g., Miller et al. 2002, 2004) and
neutron star systems (Bhattacharyya & Strohmayer 2007).
The Fe K-α emission line at 6–7 keV is an important fea-
ture of the spectrum that emerges from the accretion disc
as a result of reflection of the corona and the NS sur-
face/boundary layer photons off the accretion disc. The
mechanism responsible for the broad asymmetric profile of
the line is still under discussion. Fabian et al. (1989) pro-
posed that the line is broadened by Doppler and relativistic
effects due to motion of the matter in the accretion disc.
Di Salvo et al. (2005) and Bhattacharyya & Strohmayer
(2007) discovered broad iron lines in the NS LMXBs
4U 1705–44 and Serpens X-1, respectively. Cackett et al.
(2008) confirmed Bhattacharyya & Strohmayer (2007) re-
sults using independent observations, and also discov-
ered broad, asymmetric, Fe K-α emission lines in the
LMXBs 4U 1820–30 and GX 349+2. All these authors
interpreted the broadening of the line as due to rela-
tivistic effects. Relativistic Fe lines have been observed
at least in a dozen NS binary systems in the last
decade (Di Salvo et al. 2005; Bhattacharyya & Strohmayer
2007; Cackett et al. 2008; Pandel et al. 2008; Cackett et al.
2009b; Papitto et al. 2009; di Salvo et al. 2009; Reis et al.
2009; Iaria et al. 2009; D’Aı` et al. 2009; Cackett et al. 2010;
D’Aı` et al. 2010; Egron et al. 2011; Cackett et al. 2012;
Sanna et al. 2013). A different interpretation for the broad-
ening of the line has been suggested by Ng et al. (2010) who
re-analysed the data of several NS systems showing Fe K-α
emission lines. Ng et al. (2010) claim that for most of the
lines there is no need to invoke special and general relativity
to explain the broad profile, and that Compton broadening
is enough.
If the relativistic interpretation of the Fe line is correct,
we can directly test accretion disc models by studying the
line properties, as the shape of the profile depends on the
inner and the outer disc radius. We expect then the iron
line to be broader in the soft state – when the inner radius
is smaller and the relativistic effects stronger – than in the
hard state.
Accretion disc models can also be tested using si-
multaneous measurements of kHz QPOs and iron lines
(Piraino et al. 2000; Cackett et al. 2010). If both the Ke-
plerian interpretation of the kHz QPOs frequency and
the broadening mechanism (Doppler/relativistic) of the
Fe line are correct, these two observables should provide
consistent information about the accretion disc. Further-
more, if the changes in the spectral continuum also reflect
changes of the inner edge of the accretion disc, the Fe line
should vary in correlation with the frequency of the kHz
QPOs (see, e.g., Bhattacharyya & Strohmayer 2007). Un-
derstanding the relation between kHz QPOs, Fe emission
line and spectral states may have an impact beyond ac-
cretion disc physics. As discussed by Piraino et al. (2000),
Bhattacharyya & Strohmayer (2007), and Cackett et al.
(2008), measurements of the line could also help constraining
the mass and radius of the neutron star (Piraino et al. 2000),
parameters needed to determine the neutron star equation
of state. Cackett et al. (2010)1 tested this idea using three
observations of 4U 1636–53.
With all of this in mind, in this paper we investigate
the correlation between the iron line, kHz QPOs and spec-
tral states in the LMXB 4U 1636–53, with the aim of under-
standing whether the existing interpretations of these phe-
nomena are consistent.
The fact that 4U 1636–53 is well sampled with XMM-
Newton, and Rossi X-ray Timing Explorer (RXTE) observa-
tions, is one of the most prolific sources of kHz QPOs, shows
strong Fe-Kα lines, and shows regular hard-to-soft-to-hard
state transitions on time scales of weeks, makes this source
an excellent target for this study.
2 OBSERVATIONS
The NS LMXB 4U 1636–53 has been observed with XMM-
Newton nine times between 2000 and 2009. The first 2 ob-
servations (in 2000 and 2001) were performed in imaging-
mode, and suffered from severe pile-up and data loss due to
telemetry drop outs; we therefore excluded these two obser-
vations from the analysis. In Sanna et al. (2013) we reanal-
ysed the 2005, 2007 and 2008 observations (Pandel et al.
2008; Cackett et al. 2010) and we analysed for the first time
four new observations taken in 2009. The observation taken
on March 14th, 2009 had a flaring high-energy background
during the full ∼40 ks exposure, and we therefore excluded
this observation from the analysis (see Sanna et al. 2013, for
more details on the analysis of the XMM-Newton observa-
tions). In this paper we make use of the results reported
there.
Since 1996, 4U 1636–53 was observed ∼1300 times with
RXTE ; from March 2005 the source was regularly observed
for ∼2 ks every other day (except for periods with so-
lar viewing occultation). The first results of this monitor-
ing campaign have been reported by Belloni et al. (2007),
Zhang et al. (2012), and Sanna et al. (2012). We took all
1 At about the same time, Altamirano et al. (2010) presented a
similar analysis in a manuscript that was eventually never pub-
lished (c.f. §5 in Cackett et al. (2010))
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the information related to the kHz QPOs used for this pa-
per from Sanna et al. (2012). Following Sanna et al. (2013),
we refer to the 2005, 2006, 2007, 25th March 2009, 5th
September 2009, and 11th September 2009 XMM-Newton
observations as Obs. 1–6, respectively. We will use the same
labelling (Obs. 1, etc.) for the simultaneous RXTE observa-
tions used to study the X-ray variability. When these names
are used in the context of power spectral components, spec-
tral hardness, intensities and colours, we refer to the RXTE
observations.
3 DATA ANALYSIS
3.1 Timing analysis
We used data from 1280 RXTE observations with the Pro-
portional Counter Array (PCA, Zhang et al. 1993), covering
14 years of data since 1996. We produced light curves and
colours using the Standard 2 data as in Altamirano et al.
(2008a): we used 16-s time-resolution Standard 2 data to
calculate the hard and soft colours, defined as the 9.7–16.0
keV / 6.0–9.7 keV and 3.5–6.0 keV / 2.0–3.5 keV count rate
ratio, respectively. We measured the intensity in the 2.0–16.0
keV range. We normalised the colours and the intensity by
the corresponding Crab Nebula values (closest in time and
within the same PCA gain epoch; e.g., Kuulkers et al. 1994;
van Straaten et al. 2003).
We produced Fourier power density spectra (PDS) us-
ing the 2–60 keV data from the ∼125 µs (1/8192 s) time res-
olution Event mode. We created Leahy-normalised PDS for
each 16-s data segment with time bins of 1/8192 s, such that
the lowest available frequency is 1/16 Hz, and the Nyquist
frequency is 4096 Hz. We fitted the PDS in the 50–4000 Hz
range using a combination of one or two Lorentzians to fit
the kHz QPOs, a constant for the Poissonian noise, and if
needed, an extra Lorentzian to fit the broad-band noise at
frequencies between 50 Hz and the frequency range spanned
by the kHz QPOs.
3.2 Spectral analysis
For this work we use the results of the spectral analysis by
Sanna et al. (2013), that we briefly summarised hereunder.
The energy spectrum of 4U 1636-53 can be well fitted
with a multicolour disc blackbody (DISKBB) plus a single-
temperature blackbody (BBODY) and a thermally comp-
tonized component (NTHCOMP) to account for the ther-
mal emission from the accretion disc, the thermal emission
from the NS surface/boundary layer, and the high-energy
emission from the corona-like region surrounding the sys-
tems, respectively. The soft seed photons of the comptonised
component were assumed to come from the accretion disc.
Besides the continuum emission, the data require a emission-
like feature to model prominent residuals in the energy range
4-9 keV, around the Fe-Kα emission line region. Sanna et al.
(2013) fitted this feature with a set of so-called phenomeno-
logical models (gaussian, diskline, laor, and kyrline),
that only model the Fe emission line, and with two reflec-
tion models (rfxconv, and bbrefl), which self-consistently
model the whole reflection spectrum, of which the Fe-Kα
emission line is the strongest feature. Sanna et al. (2013)
showed that the Fe-Kα emission line is well fitted by a sym-
metric gaussian profile characterised, however, by a large
breadth, which is difficult to explain with mechanisms other
than relativistic broadening.
4 RESULTS
4.1 Long term spectral behaviour of 4U 1636–53
In Figure 1 we show the colour-colour (top), hard colour
vs. intensity (bottom left), and the soft colour vs. intensity
(bottom right) diagrams for all the available RXTE pointed
observations. We use different symbols and colours to mark
the location of the source during the XMM-Newton observa-
tions as estimated by the simultaneous RXTE observations
(see Section 2).
Although 4U 1636–53 is a persistent X-ray source, it
shows variations in intensity up to a factor of 6, following
a narrow track in the colour-colour and colour-intensity di-
agrams (Belloni et al. 2007; Altamirano et al. 2008a). Us-
ing data from the all-sky monitor (ASM) onboard RXTE,
Shih et al. (2005) found a long-term modulation with a pe-
riod of 30–40 days, which corresponds to the regular transi-
tion between the hard and soft states (Belloni et al. 2007).
The XMM-Newton observations sample different parts
of the diagrams shown in Figure 1. During Obs. 1 and 6,
the intensity was low and the spectrum was hard (see Ta-
ble 4 and 5 in Sanna et al. 2013 for more details on the
spectral properties). Observations 2 to 5 were all done when
the source was bright, and the source spectrum was rela-
tively soft. The shape of the colour-colour diagram in the top
panel of Figure 1 shows that 4U 1636–53 belongs to the so-
called Atoll class (Hasinger & van der Klis 1989). The up-
per right corner of the diagram represents times when the
source is in the so-called transitional state. As the mass ac-
cretion rate increases, the source first moves down to the
left of the diagram, and then to right to the soft state (see,
e.g., van der Klis 2006). The XMM-Newton observations did
not uniformly sample the full range of source colours and
intensities, but covered two small regions of the diagram.
Obs. 1 and 6 sampled the source in the transitional state,
while Obs. 2–5 covered the soft state. The position of the
source on the colour-colour diagram is parameterised by the
length of the coordinate Sa (Me´ndez et al. 1999), which ap-
proximates the shape of the diagram with a curve. The
length of Sa is arbitrarily normalised to the distance be-
tween Sa = 1 at the top right corner, and Sa = 2.5 at
the bottom right corner, via Sa = 2 at the bottom left
vertex of the colour-colour diagram (see Figure 1). Sim-
ilar to the Sz coordinate in the Z sources (Vrtilek et al.
1990), Sa is considered to map mass accretion rate (see
e.g., Hasinger & van der Klis 1989; Kuulkers et al. 1994;
Me´ndez et al. 1999). As reported in Sanna et al. (2013), the
order of the six XMM-Newton/RXTE observations, going
from the transitional state to the soft state, according with
their Sa values is: 1–6–2–3–5–4.
c© 2002 RAS, MNRAS 000, 1–12
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Figure 1. Colour-colour, hard colour vs. intensity and soft colour vs. intensity diagrams (upper, lower left and lower right panels,
respectively) of 4U 1636–53 for all available RXTE pointed observations (grey circles). Colours and intensities during XMM-Newton
observations computed from pointed RXTE observations (see Section 2) are marked with different symbols following the legend at the
upper-left corner. The position of the source on the colour-colour diagram is parametrized by the length of the black solid line that
represents the coordinate Sa. For each observation we report the frequency of the upper kHz QPO (when detected) and the flux of the
line (Fe Flux) in units of 10−3 photons cm−2 s−1 for fits with a kyrline model with a∗ = 0.27 (see Sanna et al. 2013, for more details).
4.2 Iron line and measurements of the inner
accretion radius
In Table 1 we report the values of the inner disc radius
for the different models used by Sanna et al. (2013) to fit
the line. The observations in Table 1 are sorted according
to their Sa values. As already noted in Sanna et al. (2013),
the inner disc radius inferred from the relativistic profile of
the iron line in 4U 1636–53 does not change in correlation
with the position in the colour-colour diagram contrary to
what is predicted by the standard accretion disc model (see
c© 2002 RAS, MNRAS 000, 1–12
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Table 1. Inner radius inferred from the iron line measurements sorted as a function of the Sa parameter (from Sanna et al. 2013)
Obs. 1 Obs. 6 Obs. 2 Obs. 3 Obs. 5 Obs. 4
Rin(GM/c2) Rin(GM/c2) Rin(GM/c2) Rin(GM/c2) Rin(GM/c2) Rin(GM/c2)
diskline 10.6+1.5
−2.6 8.0
+6.3
−2.0∗ 10.7
+4.5
−2.4 8.4
+0.7
−1.5 6.5
+0.6
−0.5∗ 6.0
+2.8
−0.0∗
laor 10.8+0.6
−2.9 6.2± 1.9 4.0
+5.6
−0.8 2.3
+0.2
−0.5 2.0± 0.3 2.8
+1.2
−0.8
kyrline a∗=0 10.8
+2.0
−1.3 12.2
+1.9
−2.6 6.3
+1.1
−0.3∗ 13.1± 1.3 6.2
+0.4
−0.2∗ 6.0
+1.9
−0.0∗
kyrline a∗=0.27 10.6
+1.9
−1.2 12.2
+1.7
−2.6 12.5
+2.9
−2.0 13.1± 1.4 5.9
+0.4
−0.8∗ 5.7
+2.0
−0.6∗
kyrline a∗=1 9.9
+1.9
−1.1 12.1± 2.1 11.8
+3.2
−1.7 12.9
+3.2
−1.7 2.6± 0.1 5.3
+1.4
−1.9
reflection 12.6± 1.7 19.1+7.6
−10.8 7.8
+3.1
−2.7 15.4± 2.7 5.4± 0.1 5.6
+2.2
−0.3
Notes: A * means that the radius pegged at the hard limit of the range.
e.g., Done et al. 2007, and references therein). Sanna et al.
(2013) also found that other parameters used to fit the line,
such as line energy, source inclination and equivalent width,
do not show any clear correlation with the source state (see
Figure 6 in Sanna et al. 2013).
4.3 kHz QPOs and measurements of the inner
accretion radius
We detected one or two kHz QPOs in the average PDS of
each RXTE observation that was performed simultaneously
with an XMM-Newton observation. In Obs. 1 and 6 we de-
tected a strong broad-band noise component extending up
to few hundred Hz plus a single kHz QPO at ∼480 and
∼540 Hz, respectively. The kHz QPOs in Obs. 1 and 6 have
rms amplitudes of ∼12% and ∼14%, respectively. The over-
all power-spectral shape in both cases (not shown) is simi-
lar to those previously observed in the transitional state of
4U 1636–53 (e.g., intervals A–C in Altamirano et al. 2008a)
and other sources (e.g., van Straaten et al. 2002, 2003). In
Obs. 4 we detected a single kHz QPO at ∼920 Hz, with
an rms amplitude of about 7%. Twin kHz QPOs at ∼600
and ∼905 Hz are present in Obs. 2 with rms amplitudes
of ∼7% and ∼10%, respectively, and at around 700 and
∼1020 Hz in Obs. 3, both with rms amplitudes of ∼6%.
In Obs. 5 we detected two peaks with a frequency separa-
tion significantly lower than the average frequency differ-
ence between the lower and the upper kHz QPOs previously
reported for this source (Me´ndez et al. 1998; Jonker et al.
2002; Me´ndez & Belloni 2007; Altamirano et al. 2008a). We
investigated the evolution of the QPO frequency with time
in this observation, and we found that the QPO signal ap-
pears sporadically during the long observation, and when it
is detectable the frequency changes with time between ∼750
Hz and 880 Hz. It is likely that Obs. 5 showed only one kHz
QPO that moved in frequency, we therefore applied the shift-
and-add method (Me´ndez et al. 1998) to recover the prop-
erties of the QPO. Note that we did not find the upper kHz
QPO (see Figure 2), and that the frequency reported for the
kHz QPO in Obs. 5 is the weighed average of the frequencies
spanned by the QPO during the observation. In Figure 2 we
show the Leahy normalised power density spectra at high
frequencies for the six observations, and in Table 2 we give
the best-fitting parameters of the kHz QPOs.
In those observations in which we detected two simulta-
neous QPOs we can readily identify the lower and the upper
kHz QPOs. For the other observations we used the frequency
vs. hard colour digram that, as shown in Sanna et al. (2012,
see also Belloni et al. 2007), can be used to identify the lower
and upper kHz QPOs in 4U 1636–53. In Figure 3 we show the
centroid frequency of the kHz QPOs detected in 4U 1636–
53 as a function of hard colour, with different symbols for
the lower (grey filled bullets) and the upper (grey empty
bullets) kHz QPOs. On top of that we show the kHz QPOs
detected in Obs. 1–6. As expected, Figure 3 confirms that
the two simultaneous QPOs detected in Obs. 2 and 3, are
indeed the lower and the upper kHz QPOs. Figure 3 also
shows that the QPOs detected in Obs. 1 and 6 are both up-
per kHz QPOs, while the QPOs in Obs. 4 and 5 are both
the lower kHz QPOs.
In order to investigate whether the frequency of the de-
tected kHz QPOs remains approximately constant in time,
we studied the dynamical power spectra (e.g., Berger et al.
1996) using different frequency and time binning factors. We
were unable to follow the time evolution of the upper kHz
QPO in any of the observations. We were able to trace the
frequency of the lower kHz QPO only in two cases: Dur-
ing Obs. 3 the QPO frequency varied between ∼620 Hz and
∼810 Hz while, as already mentioned, during Obs. 5 the
QPO moved between ∼750 Hz and ∼880 Hz.
In accordance with the scenario of an accretion disc
truncated at a larger radii in the hard than in the soft state,
and a disc extending very close to the NS surface in the
soft state (Gierlin´ski & Done 2002; Done et al. 2007), the
frequency of the upper kHz QPO is lower (larger inner ra-
dius) in Obs. 6 and 1 (hard state) than in Obs. 2 and 3 (soft
state).
4.4 Iron lines and kHz QPOs as tracers of the
inner radius of the accretion disc
Both kHz QPOs and relativistically-broadened iron lines
likely reflect properties of the accretion flow in the inner edge
of the accretion disc (e.g., Fabian et al. 1989; Miller et al.
1998). To investigate whether the two interpretations match,
we compared the inner radius estimated from the frequency
of the kHz QPO and the profile of the iron line when both
were detected simultaneously. Most models predict that the
c© 2002 RAS, MNRAS 000, 1–12
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Figure 2. Leahy normalised power density spectra for Obs. 1–6 of 4U 1636–53, calculated from the RXTE observations. The power
density spectra were fitted with a model consisting of a constant, one or two Lorentzians to fit the kHz QPOs, and (if required) a Lorentzian
to model the residual broad band noise at low frequencies. For Obs. 5 we show the kHz QPO after we applied the shift-and-add method
(see Me´ndez et al. 1998, for more details).
Table 2. Parameters of the kHz QPOs in 4U 1636–53 sorted as a function of the Sa parameter
Obs. 1 Obs. 6 Obs. 2 Obs. 3 Obs. 5 Obs. 4
Lℓ
ν (Hz) – – 597 ± 13 700± 5 795.1 ± 0.5 917± 3
FWHM (Hz) – – 115+42
−29 99± 14 11.5± 1.3 15± 6
rms (%) – – 6.7± 0.8 8.5± 0.4 11.7± 0.3 6.8± 0.9
Lu
ν (Hz) 482± 11 537 ± 18 906± 5 1020± 14 – –
FWHM (Hz) 178± 45 247+72
−58 99± 13 140
+48
−37 – –
rms (%) 11.5± 1.5 14.1± 1.4 9.8± 0.5 6.3± 0.7 – –
Notes: Lℓ and Lu stand for the lower and the upper kHz QPO, respectively. For Obs. 5 we report the kHz QPO parameters after
applying the shift-and-add method (Me´ndez et al. 1998).
upper kHz QPO frequency in LMXBs represents the or-
bital frequency at the inner edge of the accretion disc (e.g.,
Miller et al. 1998; Stella & Vietri 1998). The expression for
the orbital frequency in the space time outside a slowly and
uniformly rotating NS is νφ = νk(1+ a∗(Rg/r)
3/2)−1 where
νk = (1/2pi)
√
GM/r3 is the Keplerian frequency, a∗ =
Jc/GM2 is the angular momentum parameter, Rg = GM/c
2
is the gravitational radius, G is the gravitational constant,
M the mass of the NS star, r the radial distance from the
center of the NS star, and c is the speed of light.
In order to estimate the inner radius we need both
the angular momentum parameter and the NS mass. As re-
ported in Sanna et al. (2013), taking into account the spin
frequency of 581 Hz of the NS in 4U 1636–53 (Zhang et al.
1997; Giles et al. 2002; Strohmayer & Markwardt 2002), we
estimated a∗ to be 0.27. On the other hand, the mass of
the NS in this system is unknown, therefore we calculated
the inner radius of the accretion disc, Rin, as a function of
the NS mass. The lack of information on the NS mass does
not allow us to directly compare Rin inferred from the kHz
QPO and the iron line simultaneously, however we can com-
pare the trend of Rin as a function of other properties of
c© 2002 RAS, MNRAS 000, 1–12
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Figure 3. Frequency of the kHz QPOs in 4U 1636–53 as a func-
tion of hard colour. Grey filled and empty bullets represent the
lower and the upper kHz QPOs, respectively (see Sanna et al.
2012). With large symbols we represent the kHz QPOs detected
in Obs. 1–6. The symbols have the same meaning as in Figure 1.
the source, e.g., position in the colour-colour diagram or in-
tensity, and test whether there is a single value of the mass
of the NS for which the two different estimates of the inner
disc radius agree.
To explain in more detail how we compared the simulta-
neous timing and spectral information, in Figure 4 we show
a step-by-step example for the case of Obs. 1. As reported in
Table 2, Obs. 1 showed an upper kHz QPO at a frequency
of ∼480 Hz. In Figure 4a we show the inner radius of the
accretion disc in units of Rg versus the NS mass inferred
from the relation between νφ, M and Rin. Colour density
represents the probability density distribution (PDF) of the
inner radius taking into account the uncertainties from the
fit of the QPO frequency. In Figure 4b we show the inner
radius in units of Rg inferred from the iron emission line
when we fitted it with the relativistic line model kyrline
with a∗ = 0.27 (Sanna et al. 2013). Similar to Figure 4a, the
PDF of the inner radius is shown in colour density. Note that
the radius derived from the iron line does not depend upon
the NS mass; however, for practical purposes, we plotted the
PDF of the inner radius using a similar layout as for the kHz
QPO. In Figure 4c (central panel) we show the joint prob-
ability distribution function of the inner radius and the NS
mass derived from the iron line profile and the frequency
of the kHz QPO. In Figure 4c we also show the marginal
distributions for the NS mass and the inner disc radius in
units of Rg , calculated by integrating the joint PDF over
the radius and the mass, respectively.
From this example, we find that for this observation
of 4U 1636–53 the kHz QPO frequency and the iron line
modelling are consistent for a NS mass of ∼1.9 M⊙, and an
accretion disc extending down to ∼11 Rg; the NS mass is
slightly high, but still consistent with most NS equations of
Figure 4.
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(a) Probability distribution function of the inner radius of the
accretion disc as a function NS mass in 4U 1636–53, inferred
from the upper kHz QPO in Obs. 1. Colour density represents
the confidence level.
NS mass
R
in
 
(R
g)
1 2 3 4 5 6
6
8
10
12
14
16
(b) Probability distribution function of the inner radius of the
accretion disc as a function of NS mass in 4U 1636–53, inferred
from the fit of the iron emission line in Obs. 1 using the relativistic
line model kyrline with a∗ = 0.27. Colour density represents the
confidence level.
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(c) Joint probability distribution function (top-right panel),
marginal probability distribution functions for the inner disc ra-
dius (top-left panel) and the NS mass (bottom panel) for 4U
1636–53, calculated combining the probability density distribu-
tion functions from Figures 4a and 4b.
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state (see, e.g., Lattimer & Prakash 2007). The fact that the
NS mass estimate is consistent with theoretical expectations
suggests that, for this particular case, the kHz QPO and iron
line interpretations both hold. Since we have observations
mapping different positions in the colour-colour diagram,
we can test whether the kHz QPOs and the Fe line give a
consistent value of the NS mass for all accretion states. To
do that we used the four observations, two in the transitional
state (Obs. 1 and 6) and two in the soft state (Obs. 2 and
3), where we detected both the upper kHz QPOs and the
broad iron line simultaneously. For completeness, we used
the inner radius estimated from fits of the iron line profile
with different line models (see Table 1 for the list of models;
see Sanna et al. 2013, for a discussion of the line models).
In Figure 5 we show, for different line models, the
marginal probability distribution functions of the NS mass
for the four observations with both the upper kHz QPOs and
the iron emission line. The mass values derived from differ-
ent observations do not yield consistent results, regardless
of the iron line model. We further notice that the NS mass
values in 4U 1636–53 derived from this method span a range
between ∼0.5 M⊙ and ∼3.0 M⊙, with the exception of the
mass inferred from the fits of the line with the laor model,
which spans a wider range (1.2–10 M⊙).
5 DISCUSSION
We detected kHz QPOs in all the RXTE observations si-
multaneous with the six XMM-Newton observations of the
NS LMXB 4U 1636–53 for which Sanna et al. (2013) stud-
ied the broad iron line in the X-ray spectrum. Combing the
measurements of the frequency of the kHz QPOs and the
parameters of the iron lines in 4U 1636–53 we investigated
the hypothesis that both the iron line and the kHz QPOs
originate at (or very close to) the inner radius of the accre-
tion disc in this system. From these observations we found
that the inner disc radius, deduced from the upper kHz QPO
frequency, decreases as the spectrum of the source softens,
and the inferred mass accretion rate increases. On the other
hand, the inner radius estimated from the modelling of the
relativistically-broadened iron line did not show any clear
correlation with the source state, except for the line model
laor for which the inferred inner disc radius consistently
decreases going from the transitional state to the soft state
(see Table 1). Combining the disc radius inferred from the
frequency of the upper kHz QPO and the iron line profile, we
found that the mass of the NS in 4U 1636–53 deduced from
the four observations are inconsistent with being the same. A
similar conclusion was drawn by Cackett et al. (2010) from
the first three observations in the sample that we studied
here. The latter result implies that either the upper kHz
QPO frequency does not reflect the orbital frequency at the
inner edge of the disc, the Fe line profile is not (only) shaped
by relativistic effects, the models used to fit the iron line are
incorrect, or the the kHz QPOs and the Fe line are not pro-
duced in the same region of the accretion disc.
We assumed that the upper kHz QPO is the one which
reflects the orbital frequency at the inner edge of the ac-
cretion disc (e.g., Miller et al. 1998; Stella & Vietri 1998).
There are, however, alternative models that associate in-
stead the lower kHz QPO to the orbital disc frequency (e.g.,
Meheut & Tagger 2009). If this is the case, then the radius
profile showed in Figure 4a would shift to higher values of
Rin, and therefore, the mass for which Rin from kHz QPOs
and iron lines would match will also shift to higher val-
ues. Since the difference in frequency between upper and
lower kHz QPOs in 4U 1636–53 is more or less constant
across the colour-colour diagram (e.g., Me´ndez et al. 1998;
Jonker et al. 2002), using the lower kHz QPOs would lead to
similar results as those shown in Figure 5, with NS masses
shifted toward higher values.
Under the assumption that the kHz QPOs are generated
in the accretion disc, and considering circular orbits in the
equatorial plane for Kerr space-time, the only characteristic
frequencies (other than the orbital frequency) that match
the observed kHz QPO frequency range are the periastron
precession and the vertical epicyclic frequencies. Interpret-
ing the upper kHz QPO as the vertical epicyclic frequency
and combining the inner radius estimates with the iron line
findings we found results consistent with the ones reported
above. On the other hands, interpreting the upper kHz QPO
as the periastron precession frequency led to meaningless NS
mass values (lower than 0.1 M⊙).
The kHz QPOs may still reflect the orbital (quasi-
Keplerian) frequency at a radius far from the inner edge
of the disc. A possible scenario to reconcile this idea, for in-
stance, could be a mechanism that amplifies the orbital fre-
quencies of matter orbiting within a narrow ring in the disc
to produce the QPO. The process could be similar to the
lamp-post model by Matt et al. (1991). Such mechanism,
however, must be able to pick a narrow range of radii in
order to reproduce the observed high QPO coherence values
(e.g., Barret et al. 2005). For instance, for a 1.8 solar mass
neutron star with a QPO at 800 Hz, if this is the Keple-
rian frequency in the disc, the putative mechanism should
pick a ring of ∼600 m to produce a QPO with Q = 200.
Besides generating the kHz QPOs, this mechanism should
also affect other properties of the disc, such as the emissivity
index or the ionisation balance, which would in turn affect
the properties of the iron emission line.
From the behaviour of the time derivative of the fre-
quency of the lower kHz QPO, Sanna et al. (2012) found
that the kHz QPOs (both the lower and the upper) in 4U
1636–53 are consistent with the orbital frequency at the
sonic radius in the accretion disc. We also note that the
frequency of the upper kHz QPO increases monotonically
across the colour-colour diagram. All this lends support to
the interpretation of the kHz QPO reflecting the orbital fre-
quency at the inner edge of the accretion disc.
Besides Doppler and relativistic effects, the iron emis-
sion line can be broadened by other processes. For ex-
ample, the broadening may be ( partially) due to Comp-
ton scattering in a disc corona (Misra & Kembhavi 1998;
Misra & Sutaria 1999; see also Reynolds & Wilms 2000;
Ruszkowski et al. 2000; Turner et al. 2002, and Ng et al.
2010). However, Sanna et al. (2013) showed that Comp-
ton broadening alone cannot explain the broad profile
of the iron emission line in 4U 1636–53. Titarchuk et al.
(2003) argued that the red wing of the Fe-Kα lines is
not due to Doppler/relativistic effects, but to relativis-
tic, optically-thick, wide-angle (or quasi-spherical) outflows
(Laming & Titarchuk 2004; Laurent & Titarchuk 2007, see
however Miller et al. 2004; Miller 2007, and Pandel et al.
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Figure 5. Marginal probability distribution functions of the NS mass in 4U 1636–53 inferred from simultaneous measurements of the
upper kHz QPO and the iron emission line, for four different observations represented with different colours. Different panels represent
different models used to fit the iron line profile.
2008). As explained by Titarchuk et al. (2009), in this sce-
nario the red wing of the iron line is formed in a strong
extended wind illuminated by the radiation emanating from
the innermost part of the accreting material. One of the
main predictions of this model is that all high-frequency
variability should be strongly suppressed. The fact that we
detected kHz QPOs and broad iron lines simultaneously in
4U 1636–53 casts doubt on this interpretation. Although
our findings contradict this scenario, the model under dis-
cussion has been developed for black holes, so it is not clear
how the boundary layer or the neutron star surface could
change these predictions.
Compared to other sources, the iron line in 4U 1636–53
shows unusual properties; for instance, the best-fitting in-
clination is i & 80◦ (Pandel et al. 2008; Cackett et al. 2010;
Sanna et al. 2013), which is at odds with the lack of dips
or eclipse in the light curve. Pandel et al. (2008) proposed
that the line profile could be the blend of two (or more) lines,
for example, formed at different radii in the disc, or due to
separate regions with different ionisation balance. If this is
correct, the total line profile would be the result of iron lines
at different energies. To proceed further with this idea would
require to solve the ionisation balance in the accretion disc
where the line is formed. Sanna et al. (2013) investigated
this scenario by fitting the reflection spectrum with a self-
consistent ionised reflection model, but they did not find
any supporting evidence for this idea (see also Cackett et al.
2010).
The fact that in Obs. 3 and 5 the kHz QPO frequency
significantly varied within the 20-30 ksec required to detect
the iron line suggests that the iron line profile we model may
be affected by changes of the disc during those 20-30 ksec.
If the kHz QPO frequency depends upon the inner disc ra-
dius, the iron line profile we observe would be the average
of different line profiles, one for each value of the inner disc
radius. This is independent of whether the kHz QPO fre-
c© 2002 RAS, MNRAS 000, 1–12
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quency reflects the orbital disc frequency, or whether the
relation between frequency and inner radius is more com-
plicated. The line energy or the disc emissivity could also
vary if the inner disc radius changes. To proceed further, de-
tailed simulations (assuming scenarios in which only the Rin
changes with time, as well as scenarios in which all line pa-
rameters change) are needed to test to what extent changes
in the accretion flow on timescales of ∼30 ksec (approxi-
mately the time needed with present instruments to fit the
line accurately) can affect the final line profile.
A similar consideration applies to the inner radius in-
ferred from the kHz QPO frequency. As mentioned in Sec-
tion 4.3, in Obs. 3 and 5 the frequency of the lower kHz
QPO spanned a frequency range of ∼200 Hz during the
∼25 ks observation. Although, we did not directly see the
upper kHz QPO changing frequency with time, it is likely
that the upper kHz QPO followed the lower one. If this was
the case, then the full width at half maximum (FWHM) of
the upper kHz QPO observed contains information on the
frequency range covered by the QPO during the observa-
tion. To bring this information into the inner disc radius
estimates, we should use the QPO FWHM instead of the
frequency error (which is relatively small) to calculate the
probability distribution function of the inner radius of the
accretion disc. In Figure 6 we show the marginal probability
distribution functions of the NS mass inferred from the four
observations combining the upper kHz QPOs and the iron
lines modelled with diskline. Solid and dotted lines rep-
resent the marginal probability distribution functions using
the error in the QPO frequency and the half-width half-
maximum (HWHM) as error, respectively. In the latter case
the marginal probability distribution functions of the NS
mass show a broader profile, and the range of mass values
where they are consistent increases (although the overlap-
ping area is still small). By combining the marginal prob-
ability distribution functions we get the mass profile (joint
probability) for which, in the 4 observations, kHz QPO and
iron line estimates of the inner disc radius are consistent.
This is shown in the inset of Figure 6. The most likely
value of the NS mass, for this specific case, ranges between
∼1.1 and ∼1.5 M⊙, which is consistent with theoretical NS
mass predictions (e.g., Lattimer & Prakash 2007). However,
it should be noticed that in Figure 6, two out of the four
PDFs (Obs. 1 and 2) marginally overlap, therefore the final
joint probability function is likely not fully representative of
all observations. Statistically speaking, the overlapping area
between the intersecting marginal distributions in Figure 6
represents the likelihood of measuring 4 valuesMi of the NS
mass M0 (assuming the mass is always the same), and the
hypothesis H that one of the kHz QPOs is Keplerian, the Fe
line is relativistic, and both phenomena arise from the same
region of the accretion disc is valid. In Table 3 we report
the the NS mass values and the likelihood for the different
models used to fit the Fe line profile. It is interesting to no-
tice that the highest likelihood of the data given the model
is obtained when the Fe-Kα emission line is modelled with
diskline.
The frequency of the kHz QPO and the source in-
tensity (likely the mass accretion rate) are degenerate on
long (longer than ∼ a day) time-scales (“parallel tracks”,
Me´ndez et al. 1999): The same QPO frequency may appear
at very different source intensities. It remains to be seen
δν HWHM
Fe line model M0(M⊙) L M0(M⊙) L
Diskline 1.4±0.2 8.2×10−3 1.3±0.2 1.4×10−1
Laor 2.6±0.6 < 1×10−9 3.0±1.2 1.8×10−6
Kyrline a∗=0 0.9±0.3 < 1×10−9 0.9±0.3 < 1×10−9
Kyrline a∗=0.27 0.8±0.2 < 1×10−9 0.7±0.1 3.1×10−3
Kyrline a∗=1 0.8±0.2 < 1×10−9 0.8±0.1 1.9×10−3
Reflection 0.6±0.1 3.7×10−3 0.6±0.1 2.5×10−2
Table 3. Likelihood (L) values of measuring the 4 values NS Mi
if the NS mass M0 is always the same and under the hypothesis
H, for different models of the Fe emission line. The two columns
represent the likelihood measured from the marginal probability
distribution functions of the NS mass in 4U 1636–53 calculated
using the error in the QPO frequency (δν) and the half-width
half-maximum of the upper kHz QPOs (HWHM), respectively.
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Figure 6. Marginal probability distribution functions of the NS
mass in 4U 1636–53 using the iron line model Diskline. Solid and
dotted lines are calculated using the error in the QPO frequency
and the half-width half-maximum of the upper kHz QPOs, re-
spectively. Colours are as in Figure 5. The inset shows the joint
probability distribution function for the four observations with Fe
line and upper kHz QPO, using the half-width half-maximum as
the error in the frequency. The area under the probability func-
tion shown in the inset represents the likelihood of measuring the
masses Mi of the NS mass M0 under the hypothesis H that one
of the kHz QPOs is Keplerian, the Fe line is relativistic, and both
phenomena arise from the same region of the accretion disc is
valid.
whether this phenomenon can affect some properties of the
disc, such as the emissivity index or the ionisation balance,
which would affect the profile of the iron line, and hence the
inferred value of the inner radius of the accretion disc.
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